In situ burning is an oil spill response option particularly suited to remote ice-covered waters. The key to effective in situ burning is thick oil slicks. In drift ice conditions (< 7/10 ths
INTRODUCTION
The key to effective in situ burning is thick oil slicks (Buist et al. 1994) . In loose drift ice conditions oil spills can rapidly spread to become too thin to ignite. Fire-resistant booms can collect and keep slicks thick in open water; however, field deployment tests of booms and skimmers in pack ice conditions in the Alaskan Beaufort Sea in 2000 (Bronson et al., 2002) and fire boom testing in the Barents Sea in 2009 (Potter and Buist, 2010) highlight the limitations of booms in even very open drift ice.
Herder sprayed onto the water surface surrounding an oil slick results in the formation of a monolayer of surfactants on the water surface (Garrett and Barger 1972) . These surfactants reduce the surface tension of the surrounding water considerably (from about 70 mN/m to 20 to 30 mN/m). When the surfactant monolayer reaches the edge of a thin oil slick it changes the balance of interfacial forces acting on the slick edge and causes the oil to contract into thicker layers (Garrett and Barger 1972) . Herders do not require a boundary to "push against" and work even in open water. Although commercialized in the 1970s herders were not used offshore because they worked only in very calm conditions: physical containment booms were still needed to hold or divert slicks in wind speeds above 2 m/s, and breaking waves disrupted the herder layer. For application in loose pack ice, the intention is to herd freely-drifting oil slicks to a burnable thickness, then ignite them. The herders work in conjunction with the limited containment provided by the drift ice to allow an extended window of opportunity for burning. Buist et al. (2008) presented the results of a successful experimental program using a nonproprietary hydrocarbon based cold-water herding agent (called USN) to burn oil in drift ice. This paper presents the ongoing work on herders in drift ice since the 2008 IOSC.
FIELD EXPERIMENTS IN THE BARENTS SEA
In the spring of 2008, two experimental spills of Heidrun crude oil were carried out in the Barents Sea off Svalbard to field test the use of the USN herding agent to thicken oil spills in drift ice for burning (Buist et al. 2010b) . The experiments were part of a larger experiment that took place off Svalbard from May 18 to 28, 2008 28, (Sørstrøm et al. 2010 . The first experiment involved 102 L of fresh Heidrun crude released into a monolayer of USN herding agent that had just been placed on the water. Currents unexpectedly carried this herded slick to a nearby ice edge where the oil was ignited and burned. Approximately 80% of the oil was consumed in the ensuing burns.
The second test involved releasing 630 L of fresh Heidrun crude oil released from the side of a large floe into very open drift ice. The wind speed was 4.4 m/s measured at the water surface. The crude was allowed to spread until the thick portion stopped growing (as judged from a helicopter) and was still a contiguous slick. At this point oblique aerial digital photographs were taken at an altitude of about 100 m to record the size of the herded slick. Then, herder was applied on the water around the slick periphery using pressurized garden sprayers (3L of the USN herder were applied in total) and the contraction of the slick was monitored and recorded from the helicopter. Next, the slick was ignited by hand from a small boat positioned at the upwind edge of the free-floating herded slick. One 1-L plastic bag of gelled gasoline was placed in the slick near the upwind edge and ignited with a torch.
Digital video of the ignition and burn was taken from the helicopter in order to document burn times and areas. Once the slicks had extinguished, aerial photographs were taken to document the residue area, and samples were taken to estimate the residue thickness. Then, personnel in small boats recovered as much of the residue as possible with pre-weighed sorbent materials in order to obtain an estimate of the oil removal efficiency. The recovered burn residue was placed in pre-weighed plastic garbage bags for water decanting, drying and re-weighing.
The known GPS positions of the two boats in the photographs and the helicopter (including its altitude at the time of a photograph) were used to calculate the vertical angle of the photographs in order to correct the perspective of the pictures of the slicks for digital slick area analysis. Only the thick portion of the slick in the images is used to calculate the average slick thickness before herding: the sheen around the thick slick is not counted. The resulting thick slick areas were converted to average thick slick thickness using the initial spill volume. The error in slick thickness determined using this method is estimated to be on the order of ±10%.
Burn efficiency and burn rate were calculated for each experiment using equations (1) and (2) The residue was conservatively assumed to be water free.
Figures 1 through 12 document the chronology of the experiment. The oil was released over a 2.5-minute period. It was allowed to spread on the water in the lead for approximately 15 minutes, and then the herder was applied between the edge of the floe and the slick. This was followed by herder application along two sides of the slick by personnel in one boat and along the third side of the slick from the second boat. Table 1 gives the slick areas (and slick thicknesses) calculated from the aerial images for the experiment.
The first igniter was placed on the upwind edge of the herded slick 23 minutes after the oil release and the burn finally extinguished 9 minutes later after a large, intense burn traveling the length of the herded slick. As much as possible of the residue and unburned oil was recovered using the small boats with pre-weighed sorbent pads, short sections of sorbent boom, and a full section of sorbent boom; however, it was obvious from the helicopter that the entire residue was not recovered. Figure 13 shows the amount of residue and unburned oil on the water after the burn. Table 2 presents the data collected for the burn. The estimate of burn efficiency based on the amount of oil released and residue recovered is 94%, but this is likely high, based on the residue and sheen seen in Figure 13 .
The total burn times (from 50% flame coverage after ignition to 50% flame coverage prior to extinction) measured from the video for the two burns were 2 minutes and 3 minutes. Previous research has established that for in situ crude oil fires on water greater than 3.5 m in size, the nominal burn rate is 3.5 mm/min. Considering that the measured thickness of the slick at ignition was 4.1 mm, burn times of 2 and 3 minutes indicate that further thickening of the slick occurred after ignition. This could have been caused both by the continuing chemical action of the herder (earlier laboratory tests showed the herder could thicken Heidrun crude to more that 5 mm) and the effects of air being drawn into the fire by the hot, rising combustion gases inducing a surface water current that herded the slick (Buist and Twardus, 1985) .
BETTER HERDER FORMULATIONS
Several projects were undertaken to improve the effectiveness of herders for use in drift ice conditions (Buist et al. 2010a ).
Cold Weather Handling
The USN herder was observed to gel in the syringe used to apply it during tests when air temperatures were below 0C. The possibility of modifying the solvent (type or amount) in the hydrocarbon herder formulation to improve its handling at sub-zero temperatures was explored using bench-and small-scale experiments. The results indicated that the best way to improve the cold-weather handling of the USN herder is to increase the amount of 2-ethyl 1-butanol solvent (freezing point -114°C). The gelling point of the USN herder can be reduced from -4° to -13°C by increasing the amount of 2-ethyl 1-butanol solvent by a factor of 3.5, from a ratio of Span 20 to solvent of 65/35 to a ratio of 35/65. The increase in the amount of solvent does not appear to decrease the effectiveness of the Span.
Better Herding Surfactants
There have been significant advances in surfactant technology since the 1970s when the USN herder was conceived. Two classes of "superwetter" surfactants -second-generation fluorosurfactants and silicone-based surfactants -could enhance herding of oil slicks on water. These new surfactants can reduce the interfacial tension of water to 20 mN/m and lower, producing spreading pressures in the 50 mN/m range, a significant improvement over the hydrocarbon-based USN herder (spreading pressure in the 40 mN/m range).
In 2007 and 2008, small-scale experiments were carried out comparing the effectiveness of herding agents formulated with silicone-based surfactants and second-generation fluorosurfactants with the USN herder. The fluorosurfactant-based herders did not perform any better than the USN herder. In static tests, a silicone-surfactant based herder produced considerably higher initial herded slick thicknesses but these declined back to the thickness of the USN herder over the one-hour test period. Discussions with the manufacturer of the siliconebased surfactant resulted in other silicone surfactant formulations to test.
In 2009, experiments were conducted with three new silicone-based surfactant herder formulations (A108, A004-D and B2-P3-A50): first, at small-scale; and second, at a much larger scale at the Cold Regions Research and Engineering Laboratory (CRREL). The small-scale experiments resulted in the selection of two of the A108 and A004-D silicone-based surfactants for larger-scale testing. The purpose of the larger-scale experiments was to repeat the herding component of the tests conducted with the USN herder at Prudhoe Bay, AK in the fall of 2006 (Buist et al. 2008) .
A test pool was set up on a 15-cm thick sheet of freshwater ice grown on the Ice Engineering Test Basin at CRREL (Figure 14) . The test area was approximately 5.3 m x 5.3 m x 15 cm replicating the dimensions of the test pool at Prudhoe Bay in 2006. The test pool walls were constructed with timbers and the pool was lined with white polyethylene sheeting. Blocks of ice were used to replicate the ice conditions used in the Prudhoe tests. Clean water from the basin was used to fill the test area to a depth of 5 to 10 cm for each individual experiment. An overhead digital video camera was used to record the spread of the oil and subsequent herding for later analysis. Each test lasted approximately one hour. At the end of each experiment, the crude oil was sorbed off the water surface, the ice blocks and water were removed, and the plastic liner was replaced to ensure a pristine test pool water surface for the next test. The new white plastic sheeting was rinsed with clean water prior to its placement in the pool to ensure that it did not release surfactants that may affect the spreading of the oil. The pool water surface tension was measured before each test to ensure that an uncontaminated interface was present. The test oil was Kuparuk crude, the same as used in the experiments in Prudhoe Bay.
The test matrix variables were:  One crude oil (fresh Kuparuk)  Two oil volumes (7.5 L and 15 L)  Three brash ice areal coverage's (0, 10 and 30% ice cover)  Two silicone-based herders (A108 and A004-D) applied at 150 mg/m 2
The results for the large-scale tests at CRREL are given in Figure 15 . The results from the 2006 tests at Prudhoe Bay with the USN herder are also shown for comparison. The areas of the slicks at Prudhoe Bay were only measured once, with the time of the photograph ranging from approximately 2 to 7 minutes after the USN herder had been applied. In Figure 15 the results from the CRREL tests on open water are given with solid lines, in 10% ice cover with dashed lines and in 30% ice cover with dotted lines. The performance of both silicone herders declined slowly over time, more so with the 7.5-L slicks than the 15-L slicks. With the 7.5-L slicks, the A108 herder proved better than the A004-D in all cases; with the 15-L slicks the A108 herder proved better than the A004-D in 30% ice cover, but produced almost identical results in 10% ice cover. Figure 16 compares the initial herding achieved by the three herders (the USN herder data is from 2006). The initial slick thickness values for the CRREL data set is the average of the 1, 2 and 5-minute measurements (in order to compare with the single data point from 2006 that does not have a specific time associated with it).
In general, both silicone herders performed considerably better than the USN herder in similar conditions. Based on the CRREL test results and comparison with the Prudhoe Bay test data, A108 proved to be the best silicone based herder of the three tested. It considerably outperformed the USN herder in most tests with similar conditions. Small-scale burn tests (400 mL) were carried out to confirm that the silicone-based herders could hold a burning crude oil slick as well as the USN herder.
HERDER APPLICATION SYSTEM DEVELOPMENT
The key system components of application systems for herding agents (including cold weather capability) were evaluated (SL Ross 2010). One application system is required for use from a small boat and another is required for use from a helicopter. The focus of the work was the selection of flow rates, pressures and atomizing nozzle types to produce required herder droplet size distributions. To be effective herders need to be applied at about 15 litres per kilometre of slick perimeter. An important characteristic of the delivery system will be good droplet size control in order to limit the production of fines that might drift onto the slick (previous studies have shown that accidentally applying herder to the oil slick before it hits the water degrades the herder performance -SL Ross 2008). The herder must also be applied so it remains floating on the seawater surface and is not lost to the bulk water phase.
For the purpose of application system design it was assumed that small boat application would be done at a speed of 2 to 5 knots (no wake) and helicopter application would be completed at a speed of 10 to 20 knots (Exxon 1994). To optimize its application the herder must be applied with a drop size that is large enough to minimize drift yet small enough to limit penetration into the water. Experience with chemical dispersant application systems has shown that spray drops smaller than about 0.3 mm tend to drift significantly and drops in excess of 1 mm tend to penetrate through oil slicks into the water.
Spray characteristics are also a function of the physical properties of the chemical herder. Table 3 gives the measured properties of the four herders under consideration: the normal USN herder (65% Span-20 and 35% 2-ethyl butanol); the "winter" blend of the USN herder (35% Span-20 and 65% 2-ethyl butanol); Siltech A004-D; and, Siltech A108.
All the tests where spay droplet size and water surface penetration were evaluated were done with the USN and "winter" USN herders. There was not sufficient supply of either of the two silicone herder products to carry out spraying tests.
The spray from a Spraying Systems Company (SSC) 0002 straight stream nozzle (the right size to apply the desired flowrates) was subjected to a number of tests. First, the nozzle was operated in a cross wind simulating a helicopter application to determine if the resulting drop size would drift significantly. A 20-inch diameter ventilation fan was adapted down to a 12-inch duct to provide an air speed of ~10 m/s (20 knots). A single SSC 0002 nozzle was operated at 40 psi with USN herder (both regular and "winter" formulations) into this air stream; the spray streams were directed towards Kromecoat cards placed downwind of the duct exit. The Kromecoat cards were analyzed to determine the spray drop-size. These results and visual observations indicate that the spray from this nozzle under a helicopter will be directed towards the target area in a narrow application band with minimal drift.
Next, sprays of USN herder from the SSC 0002 nozzle were directed at the surface of the SL Ross wave tank from a height of approximately 10 feet using a 15 L/kilometre application rate to simulate field conditions. This spray was also passed over Kromecoat cards mounted just above the water surface to record the herder drop-size distribution and spray pattern. The majority of the herder remained on the surface of the water and not below the surface. The spray swath was relatively narrow and there was only a small amount of fine drop overspray.
Last, a commercial 15 L capacity backpack sprayer (Chapin Model 61900) was evaluated for its suitability for herder application from a small boat. The SSC 0002 nozzle was mounted in the spray wand. The system was charged to 50 psi. There was minimal fine spray from this system and the spray pattern was deposited in excess of 4 metres from the operator.
SUMMARY
A multi-year project evaluating the concept of enhancing in situ burning using herding agents in light to medium ice concentrations is continuing. Since the 2008 IOSC, two experimental burns of free-drifting oil slicks in drift ice were successfully completed in the Barents Sea. The first experiment involved 102 L of fresh crude released into a monolayer of USN herding agent that had just been placed on the water; the oil was carried by currents to a nearby ice edge where the oil was ignited and burned. The second experiment involving the release of 630 L of fresh crude onto water in a large lead. The free-drifting oil was allowed to spread for 15 minutes until it was too thin to ignite (0.4 mm), and then USN herder was applied from small boats around the slick periphery. The slick contracted and thickened for approximately 10 minutes at which time the upwind end was ignited using a gelled gas igniter. A 9-minute long burn ensued that consumed an estimated 90% of the oil.
Fluorosurfactant-based herders did not perform any better than the USN herder. In static tests, a first-generation silicone-surfactant based herder initially produced considerably higher herded slick thicknesses but these declined back to the thickness of the USN herder over the onehour test period. Subsequent mid-scale experiments at CRREL showed that a different siliconebased surfactant, A-108, proved to be the best of the three newer formulations tested. It considerably outperformed the USN herder.
The cold-weather testing indicated that the best way to improve the handling of the USN herder is to increase the amount of 2-ethyl 1-butanol solvent. The increase in the amount of solvent does not appear to decrease the effectiveness of the active ingredient, based on testing with constant amounts of the surfactant.
Application systems were studied using off-the-shelf equipment designed to spray chemical herders from boat-based or helicopter-based platforms. The results can be used to design operational systems.
Based on the results of earlier work (Buist et al. 2008 ) herding agents will work best on relatively fresh crude oil and light distilled product slicks that are still of relatively low viscosity and remain ignitable. Slicks that have gelled or significantly emulsified and viscous residual fuel oil slicks would not be good candidates for herder use. As with most oil spill response techniques, a rapid response will improve the chances of success when using herders for in situ burning.
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